The structural, electronic and elastic properties of the cubic boron nitride (BN) compound are investigated by a first-principle pseudopotential method. The calculations show that the structural phase transition from the zinc-blende(ZB) structure to the rocksalt (RS) structure occurs at a transition pressure of 1088 GPa and with a volume reduction of 3.1%. Both the ZB and RS structures of BN have indirect gaps, with energy gaps of 4.80 eV and 2.11 eV, respectively. The positive pressure derivative of the indirect band gap (Γ-X) energy for the the ZB phase and the predicted ultrahigh metallization pressure are attributed to the absence of occupations in the valence bands. The increase of the shear modulus with increasing pressure implies that the lattice stability becomes higher when BN is compressed. 
Introduction
III-V Nitride compounds have been attracted increasing research interest over the past few years as wide-gap semiconductors. These materials are promising materials for technological development of opto-and microelectronic devices operating in the visible/ultra-violet regions of electromagnetic spectrum and under high-temperature conditions. This is due to their unique physical properties such as extremely high thermal conductivities, low dielectric, low densities, wide band-gap, etc.
In recent years, the physical and chemical properties of boron nitride (BN) have been studied in great detail, both * E-mail: shouxincui@lcu.edu.cn theoretically and experimentally. The cubic phase of BN shares a number of extraordinary properties with the diamond phase of carbon, such as extreme hardness, chemical inertness, high melting temperature and high thermal conductivity. Cubic BN exhibits solid phases similar to the phases of carbon, which also differs from those of other group-IV solids. Normally BN is stable in a hexagonal graphite-like phase. The ZB phase has been synthesized in the laboratory under pressure [1] . At a high temperature and pressure, the hexagonal form can transform into a wurtzite structure [2] .
There have been many studies on the electronic and structural properties of BN for the hexagonal and ZB phases. Early studies focused on the band structures and the equilibrium lattice constants of these two structures of BN. Takahashi et al. calculated the band structure of the ZB phase using the variational cellular method [3] . Catel-lani et al. studied the surface and bulk electronic structures of the hexagonal form using the full-potential linear augmented-plane-wave method (FP-LAPW) [4] . The equation of state for the ZB structure was determined both experimentally and theoretically with high reliability by Knittle et al. [5] . Recently, Bouarissa reported the electron and positron energy levels and deformation potentials for III-V bulk cubic nitrides by using the pseudopotential formalism and the independent particle model [6] . Ahmed et al. studied the structural and electronic properties for the four phases of BN (ZB, wurtzite, hexagonal and rhombohedral), but they did not present the phase sequence of these four phases or the transition pressure [7] . Saib and Bouarissa carried out probably the most detailed and careful study of the structural, electronic, chemical bonding and elastic properties of BN in the ZB structure at normal and high pressure. Their results showed the transition pressure for BN from the ZB phase to the RS phase was 506.08 GPa with a relative volume change of 10.43% [8] . However, they did not give the electronic properties of the RS phase. Al-Douri studied the phase transition for BN from the ZB structure to the wurtzite structure and also gave a detailed analysis for the electronic structure of the ZB phase using the full-potential band-structure scheme based on linear combinations of the overlapping nonorthogonal local-orbital method (FPLO) [9] . Wentzcovitch and co-workers discussed the transition path from the hexagonal phase to the ZB structure at high pressures [10] , and also studied the ZB, RS, β-Sn and CsCl structures by a plane-wave pseudopotential method; their calculations suggested that the ZB structure would become unstable against a RS phase at the very high pressure of 1100 GPa [11] . Zaoui et al. concluded that the ZB→RS phase transition pressure was 555 GPa by using the FP-LAPW method [12] . Furthermore, 850 GPa had been obtained by linearized muffin-tin orbital (LMTO) calculations [13] . Therefore, several critical issues regarding the pressure-induced ZB to RS phase transition in BN solid remain controversial. In this work, we performed first-principles calculations to investigate the phase transition of solid BN under high pressure in detail. Such study is not only important to address the controversies in the ZB→RS phase transition of solid BN but also valuable for understanding the high-pressure behavior of the other III-V nitride compounds.
The rest of this paper is organized as follows: Sec. 2 gives the method of calculation, results and discussion are given in Sec. 3, and finally in Sec. 4 the results are summarized and conclusions are drawn.
Computational details
Density functional calculations are conducted with the plane-wave pseudopotential method [14] . The electronic exchange-correlation interactions are treated by the generalized gradient approximation (GGA) within the scheme due to Perdew-Burke-Ernzerhof (PBE) [15] . The normconserving pseudopotentials are employed to model the ion-electron interactions [16] . The energy cutoff of the plane-wave basis is chosen as 770 eV. For the two crystal structures considered, the Brillouin zone for the two structures is sampled by the same Monkhorst-Pack [17] points grids of 12×12×12. The chosen plane-wave cutoff and the number of points were carefully checked to ensure the total energy converged to better than 1 meV/atom. For a given external hydrostatic pressure, both the parameters of the unit cell and the internal coordinates of the atoms are fully relaxed until forces had converged to less than 0.01 eV/Å. The relative stability of different structural phases is examined by comparing their enthalpy values, which are computed from H = E + PV .
Results and discussion

Structural phase transition
The calculated equilibrium lattice parameters, zeropressure bulk modulus (B), and its pressure derivative B as fitted from the third order Birch-Murnaghan equation of state [18] of BN for the RS and ZB phases are summarized in Tab. 1, together with previous experimental and other calculated results. We can see that, for the ZB phase, the calculated lattice constant and bulk modulus are in good agreement with the experimental value with errors less than 0.5% and 1%, respectively. We see, from this table, that our calculated values are in better agreement with the experimental and other theoretical results, although there are no experimental reports for the RS structure. To investigate the pressure-induced cubic structural transformation, we applied hydrostatic pressure of up to 1150 GPa to BN solids in the ZB and RS phases and fully optimized both the lattice parameters and the atomic positions. The computed relative enthalpy versus pressure curves for both phases are shown in Fig. 1 . The transition pressure ( ) is the pressure at which the H(P) curves for both phases cross. As shown in Fig. 1 , the obtained from the ZB to RS structure transition is found to be 1088 GPa. Our calculated is consistent well with the reports of local density approximation (LDA) calculations [11] . However, there are large discrepancies between our calculated and reports from FP-LAPW [12] and LMTO [13] . These differences might be due to the different methods used in obtaining the . Fig. 2 shows the calculated P-V relation of BN solids. We find that the volume decreases gradually with increasing pressure during the ZB phase region. A slight volume drop of about 3.1% is observed at 1088 GPa, corresponding to the ZB→RS structural phase transformation in BN. The amplitude of the volume reduction found at the phase transition is associated with the volume reduction as reported by Wentzcovitch el al. [11] of 3%. 
Band structure and density of states
For the ZB structure of BN with the equilibrium lattice constant ( =3.598 Å) at 0 GPa, the calculated electronic bands along the various symmetry lines are shown in Fig. 3 . The overall band profiles are in good agreement with other theoretical results [8, [19] [20] [21] ; the top of the valence band consists of a triply degenerate (Γ) level. The energy gap (E ) is found to occur between the top of the valence band at (Γ) and the bottom of the conduction band at (X), which indicates that the ZB structure of BN has an indirect gap (X-Γ). Tab. 2 gives a summary of the most important calculated band-gaps in the ZB structure of BN and compared with the experimental and theoretical reports. It can be seen that the energy gap E is smaller than the experimental value and consistent with other theoretical work. Fig. 4 shows the electronic band structure of the RS structure of BN. It is found that the energy gap of the RS phase appears between the top of the valence band at L and the bottom of the conduction band at X, which means that the RS structure of BN has an indirect gap (L-X). The total density of states (TDOS) and partial density of states (PDOS) for the ZB and RS structures of BN are shown in Fig. 5 and Fig. 6 . For the two phases, the lower part of the valence band is dominated mainly by B 2 and N 2 states, and the upper part is dominated by B and N 2 states. The conduction band is near the Fermi level (E F ), which is predominantly a mixture of B 2s, B 2p and N 2p states. All of these TDOS and PDOS for the ZB phase are consistent with the reports of Xu et al. [19] . However, these are different from those by Al-Douri [9] . All of these differences may be due to the use of different methods: we apply the GGA exchange-correlation function of the norm-conserving pseudopotentials, and Al-Douri ap- [33] plies the LDA exchange-correlation function of the FPLO method. As we can see from Fig. 5 and Fig. 6 , the bandwidths of the RS structure are broader than the RS phase and the peaks of the TDOS and PDOS for the ZB structure are whole higher than the RS structure. Fig. 7 shows that the indirect band gap (Γ-X) energy versus the pressure for ZB structure BN. As we can see, the indirect band gap energy increases with the pressure. Fahy et al. reported that the positive pressure derivative of the energy gap in diamond was the absence of occupations in the valence bands [22] . That in BN might also have the same origin. Furthermore, from Fig. 7 , we can conclude that it is impossible to make ZB-BN metallic by exerting pressure up to 1050 GPa. Like closed-shell, cubic insulating solids such as Ne and Li 3 N, which are predicted to metallize near 134 TPa [23] and 8 TPa [24] , respectively, this ultrahigh metallization pressure might be attributed to the absence of a 2 band, and the metallization occurs as a result of overlap between 2 valence states and the much higher energy 3 conduction states.
Elastic properties
The elastic constants are important parameters that describe the response to an applied macroscopic stress. The calculated elastic constants and shear modulus of BN in the ZB structure at zero pressure with the available experimental and theoretical data are shown in Tab. 3. Our calculated results (C 11 ,C 12 ,C 44 ) are smaller than the experimental values, but the shear modulus (C ) is larger than the experimental values [25] . The variation of the elastic constants and shear modulus as a function of pressure is illustrated in Fig. 8 . Note that increasing the pressure up to 60 GPa leads to an increase of the elastic constants and shear modulus. All of these variations are monotonic. According to our results, the increase in shear modulus with the pressure indicates that the lattice stability becomes higher when the material of interest is compressed. 
Conclusion
We have studied the structural, electronic and elastic properties of BN under high pressure by using the pseudopotential plane-wave approach based on density function theory, with the GGA. The calculated results indicate that a structural transformation from a ZB structure to an RS structure is found to occur at about 1088 GPa, with a volume discontinuity of about 3.1%. The analysis of the electronic structures indicates that both the ZB and the RS structures of BN are indirect gaps. The values for the band-gap are 4.80 eV and 2.11 eV for the ZB and the RS structure respectively, which are in good agreement with other theoretical work. The partial density of states for the ZB structure shows that the lower part of the valence band is dominated mainly by B 2 and N 2 states, the upper part is dominated by B and N 2 states. The mechanism for the positive pressure derivative of the indirect band gap (Γ-X) energy and the predicted ultrahigh metallization pressure are the absence of occupations in the valence bands. That the shear modulus is enhanced under compression shows that the lattice stability becomes higher when pressure is exerted.
